Purpose: To determine whether the handheld dynamometer (HHD) is an appropriate tool to assess and quantify peak hip extension strength in prone standing position by (1) evaluating the concurrent validity of the HHD versus an isokinetic dynamometer (IKD), (2) establishing the minimal detectable change (MDC), and (3) determining the validity of single-trial versus multi-trial measures. Method: A convenience sample of 20 healthy adults was recruited for this cross-sectional study. Measures of peak hip extension strength were collected in prone standing position with both the HHD and the IKD and in supine position with the IKD. Results: Values of r were 0.37 for HHD versus IKD prone standing and 0.51 for HHD versus IKD supine. MDC was 14.8 Nm for the HHD, 25.6 Nm for IKD prone standing, and 41.5 Nm for IKD supine. High correlations (r values of 0.92-0.94) were observed between trial 1 and the mean of three trials. Conclusions: The HHD has moderate concurrent validity in measuring peak hip extension strength in the prone standing position in healthy adults. MDC for hip extension strength was lowest using the HHD. Single-trial values showed a high correlation with three-trial mean values.
Assessing muscle strength in people with musculoskeletal pathologies as part of physiotherapy assessment allows clinicians to identify muscle weaknesses and provides a baseline to create a treatment plan and assess treatment efficacy via subsequent strength testing. [1] [2] [3] [4] [5] Hip extension strength is an important measurement in orthopaedic pathologies because it plays a key role in functional mobility such as ambulation and negotiating stairs. [6] [7] [8] Research has suggested that weak hip extensors are linked to several orthopaedic pathologies, including low back pain 9,10 and hip osteoarthritis. [11] [12] [13] A valid and objective measure to quantify hip extension strength is needed to explore these relationships.
Manual muscle testing (MMT) is commonly used to assess muscle strength, but it is a subjective measure. 4 A handheld dynamometer (HHD) gives a more objective measure than MMT and is more portable and affordable than an isokinetic dynamometer (IKD), which is considered the gold standard for muscle strength measurements. 3, 14, 15 Furthermore, clinicians tend to assess muscle strength using a single trial. 17, 18 It is therefore important to determine whether single-trial measures are correlated with multitrial mean measures to reflect typical use of this device in a clinical setting.
The intertester, intratester, and intrasession reliability of hip extension measurement using an HHD has been well documented in healthy participants in the prone position (intertester intra-class correlation [ICC] ¼ 0.65-0.93; intratester ICC ¼ 0.77-0.96) 4, 19, 20 and in the standing position (intertester ICC ¼ 0.82-0.84; intratester ICC ¼ 0.91-0.94). 21 Higher intertester (ICC ¼ 0.92) and intrasession (ICC ¼ 0.94-0.99) reliability values have been reported using a prone standing position 6, 22 in which the participant is standing but the upper body is supported on a plinth (Figure 1 ). Studies have suggested that the prone position does not allow as great a muscle contraction as the prone standing position. 6, 22 In the prone standing position, the hip is flexed and hip extensor muscle fibres and lever arm are lengthened, allowing a favourable length-tension relationship and thus optimizing hip extension torque production. 23 Waters and colleagues 24 found that in standing, when increasing hip flexion from 0 to 90 , hip extension force production more than doubled. In addition, the prone standing position may be a more functional position for hip extension than the prone or supine position. 25 The research examining the validity of the HHD in measuring peak hip extension strength is limited. 4, 21, 26 Previous studies using the prone, prone belted, and standing positions have demonstrated Pearson productmoment correlation coefficients (r) ranging from 0.42 to 0.68. 4, 21, 26 Current literature has not examined the concurrent validity of the prone standing position. Concurrent validity is the extent to which results obtained by one measurement procedure agree with those of the gold-standard procedure. 27 Unlike predictive validity (which compares measurements taken at one point with those taken in the future to predict a construct), concurrent validity evaluates measurements taken at approximately the same time. 27 Given the clinical use of the HHD to measure hip extension strength, more studies on its concurrent validity are warranted.
In addition, the minimal detectable change (MDC) of the prone standing position has not been tested with the HHD. The MDC is the smallest amount of change, outside of error, that can be assumed to reflect true change between two points rather than a variation in measurement. 28 Establishing the MDC allows clinicians to determine whether a difference in performance is real and reliable; at the same time, it tells us whether the measurement tool used is able to detect such a change. 28 The overall aim of our study, therefore, was to assess the ability of the HHD to quantify hip extension muscle strength in a prone standing position. The study had three specific objectives: First, to determine whether use of an HHD is a valid method of measuring hip extension strength relative to an IKD in a prone standing position; second, to establish the MDC for hip extension strength using the HHD and IKD; and, third, to examine whether a single-trial measure, as typically used in clinical practice, is representative of multitrial mean measures. We hypothesized that the HHD would provide a valid measure of hip extension strength in the prone standing position relative to the IKD.
METHODS

Participants
We recruited a convenience sample of 20 Englishspeaking participants-9 men (mean age 30 
Instrumentation and testers
The testers were three final-year physical therapy students with no prior experience using either an HHD or an IKD. Before beginning the study, each tester demonstrated the ability to collect five trials on healthy participants with values within 5% of one another. We also compared data across testers to ensure that measures for each single participant were within 5% across testers. Two testers participated in each measurement session, one collecting the IKD data while another used the HHD, and each tester was blinded to the measurements taken with the other tool. To limit the effects of motor learning, testing order was randomized by drawing cards to determine whether the participant's dominant or nondominant leg was tested first and whether testing began with the IKD or the HHD. 6 
Handheld dynamometer procedures
The MicroFET2 HHD (Hoggan Health Technologies Inc., Salt Lake City, UT) was used to assess hip extension strength in the prone standing position (see Figure 1a) . Using the testing position derived from studies by Wang and colleagues 22 and Lue and colleagues, 6 participants leaned forward on a plinth to support their trunk, keeping the knee of their non-test leg extended and in a straight line below the hip. Participants were instructed to rest their head on their hands and not to hold onto the plinth. With the test leg in 45 of hip flexion and full knee extension, the tester marked the HHD position perpendicular to the posterior thigh, 5 cm above the midpoint of the knee-joint line. 20 The moment arm was measured as the distance from the greater trochanter to the mark and was used to convert the raw data in kilograms to Newton metres. One tester operated the HHD on the marked point, with the participant's pelvis stabilized by a belt to minimize compensatory movements. The tester using the HHD was in a low or a high lunge position, depending on the strength of the participant. Testers demonstrated the prone standing testing position and conducted one practice trial, which allowed participants to familiarize themselves with the procedure and ensured testers were exerting a static force equal to the participant's. To optimize an isometric hip extension contraction, testers instructed participants to assume the starting position by extending their hip back and up until they reached 45 of hip flexion (relative hip extension) and to maintain this position during the trial using their gluteal muscles. Participants were instructed to gradually increase their effort to maximum to improve movement isolation and minimize compensation. The contraction was held for 5 seconds, with the tester exerting a force equal to that of the participant, to perform an isometric ''make'' test. 22 All testers used a standardized script of encouragement with equal enthusiasm across all participants, and all participants were able to complete five 5-second trials. There was a 30-second rest after each trial to minimize the effects of fatigue.
Isokinetic dynamometer procedures
The Biodex Pro4 IKD (Biodex Medical Systems Inc., Shirley, NY) was used to assess hip extension strength in prone standing position (see Figure 1b) . All Biodex tests were performed in isometric mode (i.e., with no gravity correction applied). Participants stood with the greater trochanter within the axis of rotation of the attachment of the IKD. The participant's trunk was supported on a plinth with a belt stabilizing the pelvis, in the same position as for HHD testing. With the test leg in 45 of hip flexion and full knee extension, the tester positioned the dynamometer pad on the posterior thigh, 5 cm above the midpoint of the knee-joint line, and instructed participants to rest their head on their hands and not to hold onto the plinth. The same protocol described above for the HHD was used with the IKD; testers collected five individual trials per leg. Because prone standing is not the manufacturerrecommended position for measuring hip extension strength with the Biodex Pro4 dynamometer, we also took measurements in the recommended supine position on another test day. The participant was supine, with the test leg strapped in the IKD attachment at 90 of hip flexion and knee flexion, the contralateral leg in neutral hip flexion over the edge of the Biodex chair, and the trunk and pelvis stabilized using the Biodex belts. The rest of the protocol was the same as described earlier.
Statistical analysis
IBM SPSS version 20.0 (IBM Corporation, Armonk, NY) was used for data analysis. Data were excluded for participants unable to maintain the contraction for 5 seconds on the IKD. We analyzed peak torque values for the HHD and IKD testing using trial 1, the mean of all five trials, and the mean of three trials (excluding the highest and lowest of the five trial values). Two-way analyses of variance (ANOVA), with task (HHD, IKD prone standing, IKD supine) and leg (right, left) as factors, were used to look for significant differences across the three strength measurements and between the right and left legs. The data were normally distributed, as confirmed by statistically insignificant values of the Kolmogorov-Smirnov test, and the homogeneity of variance was confirmed by Levene's test for equality of error variances. Because the assumption of sphericity of the data was not satisfied (Mauchly's test for sphericity), we used Greenhouse-Geisser corrections in interpreting the results.
To examine concurrent validity, we used linear regression analyses to compare the three trial means for HHD, IKD prone standing, and IKD supine peak torque measures. Correlations were defined as high for r values greater than 0.70, moderate for 0.50-0.69, low for 0.26-0.49, and little or no correlation for 0.00-0.25. 21 MDC was calculated for the 95% CI as
Intrasession reliability was assessed using ICC 3,1 values, with consistency agreement for three-and five-trial means on the HHD, IKD prone standing, and IKD supine. The ranges used to assess the strength of the ICC values were poor (<0.69), fair (0.70-0.79), good (0.80-0.89), and high (0.90-1.00). 21 To compare HHD trial 1 peak torques with three-and fivetrial means, we used the Pearson product-moment correlation coefficients (r) and paired t-tests. Table 1 reports mean values for HHD, IKD prone standing, and IKD supine positions for trial 1 and threeand five-trial means for the left and right limbs. We found no statistically significant differences between limbs across the three positions ( We calculated MDC and MDC% values for the HHD and for the IKD prone standing and supine positions. MDC was 14.8 Nm (MDC% ¼ 25.4%) for the HHD, 25.6 Nm (50.1%) for the IKD prone standing, and 41.5 Nm (23.6%) for the IKD supine. The MDC was lowest for the HHD. Table 1 reports ICC intrasession reliability values, which show good to high intrasession reliability across the three measurement conditions. Correlations were high (r ¼ 0.94, p < 0.001) between HHD trial 1 peak torque values and both three-trial (r ¼ 0.94, p < 0.001) and five-trial means (r ¼ 0.92, p < 0.001; see Figure 3 ). A paired t-test showed no significant differences in HHD peak torque values between trial 1 and either three-trial (p ¼ 0.97) or five-trial means (p ¼ 0.91).
RESULTS
DISCUSSION
Our findings show that in healthy adults, hip extensor strength values assessed using an HHD in the prone standing position demonstrated moderate concurrent validity. The HHD showed good to high intrasession reliability across both three-and five-trial averages, and the MDC was lowest using the HHD in the prone standing position compared with the IKD. Values obtained from trial 1, which is typical of the performance of a single trial in clinical practice, demonstrated high validity relative to three-trial means.
Initially, we compared HHD data with data obtained from the IKD in prone standing, so as to standardize the testing position across instruments when assessing the validity of the HHD. Concurrent validity was low (r ¼ 0.37) for these two conditions, however, likely as a result of not using the manufacturer-recommended supine position when assessing hip extension strength on the IKD. Testers also encountered difficulties with the IKD in the prone standing position: At times, the machine was unable to read the force production on the pad, and data for these trials had to be excluded as a result. Similarly, Kawaguchi and Babcock 4 found that participants had difficulty in isolating their hip extensors and required verbal cues when in the prone standing position on an IKD. Participants were retested in supine position on the IKD. This position provides more stability and allows participants to recruit other muscles when performing the movement, resulting in higher torque values. Although straps were used to stabilize the participants, the movement was less specific to hip extension, and global recruitment patterns were observed. The prone standing testing was more specific for isolated hip extension measures.
Studies have shown that a position similar to prone standing allows for an optimal length-tension relationship of the gluteal muscles because they are lengthened with hip flexion in this position 23 but that hamstring activation is minimized. 24 It may also be that additional straps and a supported back in the supine position allows greater absolute force production. In addition, the supine position used on the IKD had the hip flexed Despite the difference in magnitudes of strength, peak torque values for the HHD and the IKD supine were moderately correlated (r ¼ 0.51), which suggests that although the peak torques measured in these two positions differed, strength measured in prone standing was significantly related to strength measured in supine. As 
ing position predominantly recruited gluteal muscles, whereas the supine position may have allowed for other hip extensors to be activated as well. 23, 24 We should note, however, that despite cueing, several participants struggled to engage only their gluteal muscles in the prone standing position and exhibited some additional back extension and torsion, which may be the result of the novel test position and the participants' exerting a strong contraction. When participants were retested in supine, testers were unable to gain sufficient mechanical advantage to test the HHD, and therefore it was not feasible to examine hip extension using the HHD in a supine position. Because our study attempted to replicate a typical clinical setting, testers did not use additional straps or belts to fixate the HHD because such a set-up is less clinically feasible.
It is interesting to note that Rasch and colleagues, 29 who tested hip extension strength in a modified prone standing position with participants with both uninjured and osteoarthritic hips, found significantly higher absolute hip extension torque values across both populations than we found in our study. However, testing in Rasch and colleagues' study used a much more elaborate and supported position, involving multiple belt straps, a surface for the trunk on a 45 incline, and handlebars; the greater stability resulting from this setup would lend itself to higher torque values, 29 but its clinical feasibility is questionable. We tested participants in the prone standing position to replicate the test position used by Lue and colleagues, 6 which has been shown to have high interrater and intrasession reliability in healthy adults. Overall, few studies 4, 21, 26 have examined the validity of the HHD in measuring peak hip extension, and their authors have used both prone and standing positions. Previous research has not examined the concurrent validity of the prone standing position used in our study. Hip extension strength measured with the HHD in our study showed low to moderate correlations (r values of 0.37-0.51) with measurements taken with the IKD; these values are lower than those previously observed in the standing (r values of 0.57-0.63) 21 and prone (r values of 0.42-0.68) 4,26 positions.
In this study, the HHD demonstrated good to high intrasession reliability. Findings from the three-trial average were consistent with previous reliability studies in the prone standing position. 6 They were also comparable to those of another study of occupational therapists with no prior HHD experience, showing that with training, therapists are able to use dynamometers with a high level of reliability. 16 Of the three measurements, the HHD had the lowest MDC (14.8 Nm, or 25.4%). Although the HHD had the lowest MDC, the IKD in supine had the lowest MDC% (albeit by only 1.8%), likely because IKD values were much higher in supine than in prone standing. This finding is consistent with those of Thorborg and colleagues, 28 who found MDC% values of HHD for hip and knee strength ranging from 14% to 29%.
Because clinicians tend to take only one trial for muscle strength assessments, it is important to establish the validity of single-trial versus multitrial mean measures. 18 As a commonly used musculoskeletal textbook states, the therapist should use as few repetitions as possible. 17 We found high correlations between the first trial and the mean of three trials with the HHD, and the same trend held for five-trial means, which indicates that it was not a result of rejecting the highest and lowest values. Thus, we can conclude that the first trial is representative of the mean of three trials in healthy populations. Further research on this relationship is warranted to determine whether single-trial measures in pathologic populations also demonstrate high correlations and may be clinically appropriate.
An important contribution of our study is the establishment of moderate levels of concurrent validity of the HHD in measuring peak hip extension strength in prone standing, which has not been investigated in previous studies. This is of interest to clinicians because the testing position used can be easily replicated in a clinic, and thus it was important to ascertain the HHD's feasibility for use in a clinical setting. Future studies should investigate the concurrent validity of the HHD in clinical populations who might present with muscle imbalances at the hip.
Our study has several limitations. First, our sample size was small; although many reliability and validity studies have used similar sample sizes, having more participants would allow for more generalizability. Second, when testing in the prone standing position, participants often struggled to isolate their gluteal muscles without compensating, despite practice trials and cueing. Co-contraction, moving through habitual patterns, and participants' motor control may have had an impact on peak torque produced. Third, tester strength has previously been identified as a potential limitation of HHD use; to minimize the effect of tester strength, however, our testers underwent a training protocol to ensure that results were within 5% both within and between testers. Suggested alternatives to minimize the effects of tester strength require construction of fixed structures, which would decrease the clinical feasibility of the protocol. 30 Finally, participants recruited to the study were young and healthy; generalizing our results to a clinical population, therefore, would require further investigation to address variability between trials and muscle recruitment strategies in a pathologic population.
CONCLUSION
This study demonstrates that in the prone standing position, HHD has moderate concurrent validity in measuring peak hip extension strength in healthy adults aged 20-53 years. With training, therapists are able to use the HHD to measure peak hip extension strength with a high level of reliability, and values are consistent with previous findings using the prone standing position. MDC in the prone standing position was found to be lowest using the HHD. Finally, single-trial HHD measures are highly correlated with three-and five-trial average values and may therefore be clinically appropriate.
KEY MESSAGES
What is already known on this topic
Muscle imbalances at the hip have been linked to a variety of musculoskeletal conditions. To objectively assess these imbalances, a valid, cost-effective means of measuring strength is needed. Hip extension strength has previously been assessed in the supine, standing, and prone positions with moderate levels of validity. Recent studies have reported greater reliability using the prone standing position, but the validity of this position has not been tested.
What this study adds
The handheld dynamometer (HHD) was found to have high reliability and moderate validity for assessing peak hip extension strength in the prone standing position. The minimal detectable change for hip extension strength using the HHD was established. Single-trial measures were also investigated because clinicians tend to use only one trial when assessing muscle strength. Single trials with the HHD in the prone standing position demonstrated high correlations with average values in healthy populations.
